ABSTRACT In this paper, one advanced settlement sensor with the advantages of wide measurement range and multi-directional displacement measurement has been designed and fabricated based on multidisciplinary technologies, including fiber Bragg grating (FBG) sensing technology, 3D printing technology, and others. First, one novel structure of settlement sensor was designed by introducing the concept of a hinge joint, which mainly consists of four components, including internal rigid beam, external rigid beam, elastic FBG sensing beam, and hinge joint. The FBG sensing element inside the sensor can rotate unconstrained without disturbing stress field underground, overcoming the strengthening problem commonly existed in conventional settlement sensors. It is also worth noting that all sensor components were designed and fabricated with 3D printing technology, while the two most popular and effective 3D printing technologies, including fused deposition modeling (FDM) and stereolithography (SLA) technology were separately used for fabricating elastic sensing beam and rigid beam segments, respectively. Furthermore, the FBG sensors were successfully embedded into the printed polylactic acid (PLA) without sacrificing its sensing performance, and the superiority of FBG sensing technology, such as high sensitivity, high accuracy, strong resistance, light weight, and serial connection have been achieved. After completing the fabrication of developed sensor, the measurement performance parameters of elastic FBG sensing beam (includes two paralleled FBG sensors) including measuring linearity, repeatability, and measurement range have been calibrated and verified. Finally, working performance of the assembled settlement sensor from calibration was examined, characterized by a maximum measurement range −16 • ∼ +16 • , and a measurement sensitivity of 0.0066 pm/ • (in terms of inclination degree) or 0.012 mm/pm (in terms of settlement). Fiber Bragg grating (FBG) , settlement sensor, fused deposition modeling (FDM), multi-directional displacement, polylactic acid (PLA), hinge joint connection.
I. INTRODUCTION
Fiber Bragg grating (FBG) is the most widely used method for monitoring strain and temperature of materials among varieties of monitoring technologies [1] - [4] . This sensing technology has many advantages, including high sensitivity, strong resistance to electromagnetic interference (EMI), good insulation, high insurance in harsh environment and small light structure. FBGs have been widely used in the field of civil engineering monitoring [2] , [5] - [9] . At present, researchers have completed a lot of important research work on improving the measurement performance of FBG sensing
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technology, hence the application of FBG sensing technology has gained a quick development in the practical engineering projects [3] , [10] , [11] .
The development of FBG sensor has experienced a rapid development in the field of geotechnical engineering. In terms of monitoring settlement of a road embankment, researchers have proposed one method to embed FBG sensors in each structural layer of the road in order to realize real-time monitoring of settlement in entire road embankment [12] - [14] . The monitoring information could assist engineers to conduct road operation maintenance effectively and efficiently at the same time. Some other researcher developed one novel technology, which combines the technologies of FBG and threedimensional printing technology to fabricate FBG sensors for VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ measuring multi-field variables and this new sensor can be further applied in various working conditions [15] - [17] . Conventional manufacturing and assembling methods of sensor components usually require a large amount of manufacturing time and complex packaging process characterized by typical limitations of excessive size and low reliability. 3D printing technology has developed rapidly in recent years, and a series of sensors and equipment have been produced using 3D printing technology [18] - [20] . In comparison with traditional fabrication methods, 3D printing technology has a number of outstanding advantages such as high precision, low cost, and time saving [21] . However, 3D printing technique was seldom adopted to fabricate settlement sensors, as glue and epoxy resin were commonly used to adhere FBG sensors onto a monitoring beam to measure displacement [22] . With the conventional production method, the properties of applied glue may not be stable under harsh working conditions where high temperature and humidity may occur [18] , [23] , [24] . On the other hand, FDM technology can fully encapsulate and protect the FBG sensing sensor inside the printing material such as Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS), Polyvinyl chloride (PVC), Thermoplastic polyurethane (TPU), Polymethyl methacrylate (PMAA), etc, providing a full protection for internal FBG sensors and improving applicability of sensors under harsh conditions. According to a wide review of existing soil settlement monitoring methods using PVC tube, several obvious insufficiencies were found such as providing resistance to monitored soil region, offering a limited measurement range of rotation and settlement, and one-way measurement of soil movement. Essential improvement of settlement monitoring method should be considered in order to satisfy the monitoring requirement of geotechnical engineering projects, such as the requirement of simultaneous measurement of both upheaval and partial settlement in one crowded soil [25] - [27] . The original Polyvinyl Chloride (PVC) beam mounted with FBG sensors was designed as one complete rigid body, which can reflect one direction movement of soil as shown in Figure 1 (a) according to Euler-Bernoulli Beam Theory. As described from Figure 1(b) , partitioning of the beam into numbers of rigid segments can be used to monitor both upward and down movement underground. It's worth noting that the partition position has been discussed cautiously and determined after various attempts. The partition position was finally located at the center of one FBG sensor, in order to reflect relative movement of neighboring rigid body segments. Consequently, the monitoring beam has been partitioned into different rigid body segments at the position of sensing element (FBG sensors), as two soil movement types no matter upheaval nor settlement can be monitored in one sensor system concurrently.
This paper proposed one settlement sensor characterized by the advantages of large measuring range and multidirection monitoring function without any disturbance of initial soil stress distribution. At first, hinge joint concept was applied in the design of a settlement sensor system, as the structure of settlement sensor was flexible, and the sensing element can rotate freely with surrounding soils. Fabrication of all sensor components were implemented using 3D printing technique. FBG sensor was successfully embedded in a PLA elastic beam, which is the settlement sensitive element of the whole sensor. This new settlement sensor is also characterized by the advantages of high sensitivity and accuracy, multiplexing, light weight, effective sensing with remote distance, and high resistance to electromagnetic interference. Due to the use of 3D printing technology, the developed settlement sensor system is also proved to have the advantages of quick fabrication, convenience of customization, varieties of measuring sensitivity to different application scenarios.
II. DESIGN AND FABRICATION OF MULTI-POINT SENSOR FOR MEASURING MULTI-DIRECTION AND LARGE RANGE SETTLEMENT A. DESIGNED AND FABRICATION OF FBG SETTLEMENT SENSOR USING 3D PRINTING TECHNOLOGY
To satisfy the requirement of monitoring soil upheaval and settlement in one continuous beam, a settlement monitoring sensor characterized by a rigid beam partitioned into a number of small segments with designed interval and certain connections. Therefore, both the upheaval and settlement can be measured in one crowded soil region. Figures 2 a and b depict a schematic view of the assembled settlement sensor after fabrication. There are four main structure components in composing one integral sensor as shown in Figure 2 , which consists of inner rigid beam segment, external rigid beam segment, hinge joint connection and elastic FBG sensing beam. Assembling of the sensor includes (a) the inner rigid beam segment and external rigid beam segment are overlapped with the openings at their semicircular endings, (b) the elastic sensing beam is positioned inside the excavation region of the two rigid beam segments and fastened at two endings, and (c) the hinge joint connection is installed through the semicircular endings of external rigid beam, semicircular ending of internal rigid beam and elastic FBG sensing beam sequentially and symmetrically. The developed settlement sensor is characterized by the advantages of large measurement range, multi-point and multi-directional measuring function. Both the rigid connecting beam and elastic FBG sensing beam form a continuous beam to monitor both upheaval and settlement, because the rotation movement of hinge joint (connecting two individual rigid beams) can rotate freely in both clockwise and anticlockwise directions. Hence, the entire beam can be separated into a number of individual beam sensors possessing same structure and fabricated with 3D printing technology repeatedly. It can also be observed that the individual beam sensor is mainly composed of four single components and fabricated with two mentioned 3D printing technology including SLA and FDM methods.
B. THEORETICAL CALCULATION OF SETTLEMENT
In present design, one entire sensing beam has been divided into a number of rigid segments, and adjacent rigid beams are connected by elastic FBG sensing beam. The rigid beam segments are used to transfer cumulative displacement, while the elastic FBG sensing beam are used to measure and calculate the relative rotation of adjacent rigid beams and relative settlement. Two FBG sensors were embedded into the elastic sensing beam symmetrically with respect to the neutral axis and hence can be used to sense both compression and tension deformation when the beam is subjected to loading or moment underground.
When the beam deforms due to external force, it satisfies both the plane hypothesis and the neutral layer hypothesis along the longitudinal axis. A schematic diagram of beam segment is shown in Figure 3 and initial length of differential beam can be described as: where ρ is curvature radius of beam neutral layer, dθ is relative rotation of adjacent rigid beam segments. Length of neutral layer remains unchanged. The longitudinal linear strain ε at FBG height with y distance from the neutral layer can be calculated as follows:
where l is the length variation of beam central axis, l is the initial length of beam central axis, y is the distance from beam neutral layer. Assuming that the distance from upper FBG sensor to the neutral axis is y1 and the distance from lower FBG sensor to the neutral axis is y2. Strain of the two FBG sensors can be calculated by:
where ε(FBG1) is the strain of upper FBG sensor and ε(FBG2) is the strain of lower FBG sensor. Because influence of temperature can be compensated due to symmetrical arrangement of upper and lower FBG sensors in the elastic beam, the wavelength shift of FBG sensor is:
where λB is wavelength variation of FBG sensor, λB is initial wavelength of FBG sensor, Pe is photo-elastic parameter. Symmetrical setting of both upper and lower FBG sensor leads to the relationship y1 = −y2, which also indicates that ε(FBG1) = −ε(FBG2). Combining equations (3), (4) and (5) yields:
where λFBG1 and λFBG2 are wavelength variations of upper and lower, respectively. λFBG1 and λFBG2 are initial VOLUME 7, 2019 wavelengths of upper and lower FBG sensor, respectively. From the derivation about the variation of FBG wavelength and beam strain, it can be seen that the difference of wavelength between upper and lower FBG sensors and their strains confirm their linear relationship, therefore, measuring the wavelength difference can be used to reflect the beam stress state. Stress analysis of one elastic sensing beam can be treated as pure bending beam case as shown in Figure 5 .
where M is bending moment of beam, E and IZ are the elastic modulus and moment of initial of sensor beam, respectively. Location of FBG sensor is fixed inside the elastic beam, y is constant. Wavelength difference is linearly related to strain of beam, and the curvature is linearly proportional to wavelength difference of the FBG sensors. Assuming the expression of deflection curve y = f (x), the differential calculation formula of curvature can be obtained:
Considering that the beam is divided into several segments and relative rotation between adjacent rigid beam is small, the elastic deformation can be approximated as a small deformation case, indicating that y (x) can be neglected and k = −y (x). The rotation equation of the elastic beam is as follows:
where l is beam length, and boundary conditions are given as
From the above analysis, it can be seen that the curvature of beam is linearly related to the relative rotation of two adjacent rigid beams, and the FBG wavelength difference can be used to obtain the rotation of adjacent beams proportionally. Furthermore, the relative settlement of adjacent rigid beam can be directly obtained, when reference beam length is given and relative rotation between adjacent beams is calculated. The working state of assembled sensor can be illustrated in Figure 4 , where dx is the horizontal length of differential beam segment, dy is the corresponding settlement of differential beam segment and dθ is the relative rotation of adjacent rigid beam segments. According to the geometric relationship of beam segment as shown in Figure 5 , it can be obtained that: 
where 
Substituting formulas 2-18 into formulas 2-17 yields:
Repeat above calculation and deduce towards i-1 th sensing beam segment, it can be obtained:
Repeat above calculation and deduce towards i-2 th sensing beam segment, it can be obtained:
Repeat above calculation and deduce towards i-3 th sensing beam segment, it can be obtained:
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where θi is the relative rotation of adjacent rigid beam segments, αn is the absolute rotation of nth rigid beam segment. Because there is no rotation or displacement occurred at the measuring reference point, the equation for calculating the settlement at the first monitoring point can be written as:
Settlement of monitoring point n th can be obtained by substituting the expression y i−1 into y i when i ranges from 2 to n successively:
when i = n, the above equation can be simplified as:
where αn = n i=1 tan θ i Above expression is used to calculate the accumulated settlement and absolute settlement of individual monitoring point. At first, the relative rotation of individual monitoring rigid beam can be calculated through measuring wavelength variation of FBG sensor, then the relative settlement of individual sensing beam is computed. Given the spacing between measuring points decided by length of rigid beam segment, accumulated rotation and settlement of individual measuring point can be obtained, and the integral and continuous settlement curve of monitoring beam can be expressed.
C. 3D PRINTING FABRICATION OF RIGID BEAM SEGMENT ADOPTING SLA
The novel settlement sensor developed in this study is fabricated adopting SLA technology for all components except the elastic sensing beam embedded with FBG sensors. The reason of choosing SLA technology is that the printing material of photosensitive resin has a higher fabrication accuracy than FDM technology, and the integral structure is tested to have strong stiffness. As a result, the rigid beam segment with high strength can protect the elastic FBG sensing beam fixed inside. In addition, due to the printing characteristic and platform setting of SLA technology, this method is considered to be an effective technology for fabricating models with large internal opening, while only limited support is required to sustain the structure during printing process. For the above reasons, the SLA technology is selected for fabricating the outer rigid packaging beam.
Working mechanism of SLA method can be further explained as follows: the system takes the photosensitive material as the raw material and facilitates the material to produce the photopolymerization reaction under the irradiation of laser scanning. The processing system would partition the targeted 3D printing model into a number of 2D plane layers and irradiate the entire layer at the same time, after the photosensitive material receives irradiation scanning, printing material would undergo photocuring reaction and solidify. One plane layer of material can be completed in fabrication. Then the height of printing platform would raise upward to a higher elevation for laser scanning of next layer. By successively superimposing, the adjacent printing layer can be closely bonded. Finally, the designed 3D model is completed.
D. 3D PRINTING FABRICATION OF ELASTIC FBG SENSING BEAM ADOPTING FDM
FDM technology is the abbreviation of fused disposition modelling method and its printing material is generally selected from thin filament-like thermoplastic materials, such as polylactic acid (PLA) and Acrylonitrile Butadiene Styrene (ABS). At the beginning of printing, the material will be heated and melted in the printer. Then the printing nozzle will move along the shape of model section, while molten material will be extruded from the printer nozzle into designed position point by point sequentially. Because the temperature of molten material would decrease rapidly once exposed in the room temperature, the material will be shaped and solidified immediately, and it can be bonded to previous printing layer of material tightly. To repeat this process layer by layer, the 3D model can be completed by layers of superposition and combination. The printer used in this study is characterized by high printing accuracy and low vibration noise (smaller than 50 dB), and it also has the advantages of high working reliability and friendly interface for manipulating. Working parameters of printer can be listed as: maximum printing size 140 * 140 * 140mm, 1 nozzle with 0.4mm diameter, printing precision 0.1mm, minimum printing thickness 0.1mm, ejection rate of nozzle 24 cc/hr, heating temperature ranged from 180 to 250 • C.
It is noted that PLA filament has good fluidity and thermoplastic after being heated and ejected from the printer nozzle. Hence, this material can be ideally combined with the fiber Bragg grating sensor tightly. Because of the preserved opening in the design of package modelling, the FBG sensor can be embedded with surrounding package material cohesively and the purpose of ''seamless package'' can be achieved. Firstly, the problem that traditional FBG sensors are vulnerable to be broken has been solved through wrapping the FBG sensor with thermoplastic material tightly. On the other hand, not only solve the encapsulation contact of FBG sensor, the position of FBG sensor and shape of FBG sensor can be flexibly designed and adjusted in a complicated way, thus, the working condition and adaptability of printed sensor can be improved significantly. Finally, varieties of sensors with different package requirement and sensing technology can be designed and fabricated rapidly through the 3D modelling in software, and they are expected to meet the need of monitoring complex structure parameters in engineering practice. 
E. FBG WAVELENGTH CHANGE DURING FABRICATION PROCESS
Measurement of wavelength change during the fabrication printing process was recorded through the interrogator with a frequency of 10 Hz when the lower half of PLA sensing beam was printed. The working temperature of sensor fabrication was maintained at a constant value which is equivalent to the laboratory room temperature. Fig. 6 depicts the relationship of wavelength change against time during printing process in the 3D printer. Three phases of sensor fabrication process includes ''before printing, during printing and after printing'' are easily distinguishable from the Figure. Before the printing, the initial wavelength was around 1530.25 nm around 300 s. Afterwards, the wavelength of PLA sensing beam was increasing to the peak value 1530.59 nm around 390 s. The reason why wavelength of FBG sensor increases sharply is mainly due to the thermal expansion of extruded PLA material from nozzle of 3D printer. In the final fabrication printing process, the reading of FBG wavelength was approaching a stable value, although a slight increase was observed. ase significantly and maintained at a value around 1530.05 nm at 2700 s. The wavelength of FBG sensor dropped 0.2 nm finally compared with initial reading registered before printing. This observation should mainly due to the shrinkage of PLA prototype in the hardening course of printing. The melting temperature caused volume expansion of embedded FBG sensor at first, and FBG sensor was going to shrink when temperature returned to room temperature. In conclusion, the high temperature around 200 degree in printing process failed to damage the FBG sensing section.
III. CALIBRATION TEST A. CALIBRATION OF ELASTIC FBG SENSING BEAM
For checking the stability of encapsulated sensor, the elastic FBG sensing beam is placed at a platform horizontally, and reading frequency of the central wavelength of FBG sensor is 5 Hz. and the lower between 1555999.2 pm and 1556001.0 pm. To avoid redundancy, the variation of central wavelength in upper FBG sensor is presented and lower FBG sensor has similar pattern. The readings of both FBG sensors are observed to be stable within 600 seconds, indicating that the packaging process of the sensor went smoothly without damaging the FBG sensor. The center wavelength of the sensor in tests are listed in Table 1 .
Based on the combination of FBG sensing technology and 3D printing technology, the developed settlement sensor with multi-directional measuring and large range measuring function has been designed and fabricated, nevertheless, the calibration test remains to be conducted and validated in laboratory where room temperature is stable. The parameters of developed sensor including measurement linearity, minimum resolution, repeatability, measuring range and the related performance indicators will be analyzed and studied. Elastic FBG sensing beam is the fundamental sensing unit of the entire settlement sensor system. Measurement linearity and repeatability of this sensing beam were first calibrated in laboratory. The theoretical basis of calibration depends on pure bending beam and the experimental design is shown in Figure 8 . After fixing the elastic FBG sensing beam on two hinged support horizontally, two concentrated forces were symmetrically exerted about the centroid of elastic beam. When the concentrated force increases through controlling the number of weights, the bending moment of elastic beam rises correspondingly.
Firstly, two steel rulers with high stiffness are fixed to support elastic beam. Their free segment are settled protruding from end of platform with identical distance, while their other endings are fastened with dead weights. Afterwards, the elastic FBG sensing beam is placed between the two rulers for proceeding loading test. The One RMB coin is selected as weighting tool as its standard weight is 6 grams per coin, and total 40 coins were used in loading test. In the loading process, two concentrated forces are exerted at two symmetrical positions of the elastic sensing beam by adding coins step by step, as the test procedure can be assumed as pure bending beam test.
Wavelength variations of the two FBG sensors were recorded against loading weight as shown in Figure 9 . As the elastic FBG sensing beam confirm the structure type of pure bending beam, and the two FBG sensors were embedded paralleling above and below the centroid line of elastic beam, the two sensors are going to be tensioned and compressed when bending moment is applied on the elastic beam. Reasonably, the wavelength of upper FBG sensor is observed to reduce linearly during the coin loading process and lower FBG sensor increases during loading process in contrast. It can also be obtained that the linearity ratios of FBG sensors in tension and compression are 0.9953 and 0.9988, which proved that FBG sensors have good linearity under the calibration experiments satisfying the requirement of measuring the rotation through recording wavelength of FBG sensors. Moreover, from the observation of slope trend in Figure 9 , the sensitivity of the compression sensor with the loading weight is 0.7644 pm/g, while sensitivity of the tension sensor with loading weight is 0.5681 pm/g, indicating that the FBG sensor under compression state is observed to have higher sensitivity and resolution compared with tension state under the identical loading test.
B. CALIBRATION OF ASSEMBLED SETTLEMENT SENSOR
To obtain working characteristics of assembled settlement sensor system, it is important to calibrate one single assemble sensor for the multi-point and multi-directional measurement. The whole settlement sensor system is composed of a number of individual assembled sensors with identical structure. Hence, calibration test of one single sensor can be conducted to interpret its working mechanism.
After fixing one end of individual sensor unit on the platform horizontally, the other beam end is rotated to increase a relative rotation angle by hinge joint, while the tension of elastic sensing beam would induce a variation of FBG wavelength. A series of data including rotation angle and corresponding FBG wavelength can be recorded to reveal their correlation. Resolution of FBG demodulator is 1 pm. The calibration system contains FT210 FBG interrogator, segmental steel ruler with fixed knob, Printed inclination drawing, computer and calibrated assembled sensor. In order to ensure the accuracy of calibration, the standard inclination drawing is printed and applied with high accuracy. Considering difficulties in fixing rotation of the sensor unit, one segmental steel ruler with knob was applied in fastening the tested sensor, and the rotation angle of sensor was maintained 10 seconds for measuring successively.
Although this calibration is to test measurement performance of assembled sensor, the sensing mechanism is accordance with previous calibration test for elastic FBG sensing beam. The rotation between the rigid beam segments would be directly reflected from wavelength variation of the FBG sensors, two FBG sensors located symmetrically with respect to the centroid line will be stretched and compressed under the bending moment effect. The maximum calibrated angle for this sensor is 16 degree, and the rotation angle ranging from 0 to 16 degree has been repeated for tree times. Take the average wavelength from all wavelength readings as representative values and plot its relationship with the variation of standard angle by setting of steel ruler. After redefining the measuring range, the degree of linearity of two FBG sensors increase from 
IV. CONCLUSIONS AND DISCUSSIONS
In this study, in order to overcome some insufficiencies existing in present settlement sensors, such as influencing soil stress distribution, providing limited measuring range, facilitating monodirectional measuring and others, advanced FBG based settlement sensor characterized by large measurement range and measurement of multi-directional displacement has been developed. Working performance of the new sensor has been successfully calibrated and verified. Conclusions and major findings of this research can be drawn as follows:
(a) To satisfy requirement of settlement monitoring, one multi-directional settlement sensor has been designed and fabricated combined multi-disciplinary technologies including FBG sensing technology, 3D printing technology and others. The concept of hinge joint was introduced in designing the novel type of settlement sensor, which is proved to connect the sensor component tightly but also provide sufficient degree of deflection freedom. His research interests include interaction between soil and piles, soil structures fabrication and analysis using 3D printing method, microstructure analysis of soils, and intelligent infrastructures.
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